Summary For unknown reasons, there is a greater increase in the risk for cardiovascular complications in diabetic women than in diabetic men. Our aim was to study gender-related differences in the mechanical properties of the great arteries in patients with insulin-dependent diabetes mellitus (IDDM) but free from known cardiovascular and cerebrovascular complications. We measured arterial stiffness (/3, inversely related to arterial compliance) in the abdominal aorta and the common carotid artery non-invasively using echo-tracking sonography in 30 women (mean age 34 years, range 20-61) and 26 men (mean age 38 years, range 22-56) with IDDM. The results were compared with those of healthy individuals of corresponding age and gender. The results showed a marked gender-difference in changes of arterial stiffness. Arterial stiffness was increased in both the abdominal aorta and the common carotid artery in diabetic women compared to control women (p = 0.0001 and p = 0.0076, respectively). In contrast, there was no significant difference in stiffness of the abdominal aorta or the common carotid artery between the diabetic men and the control men (p = 0.69 and p = 0.39, respectively). In conclusion, this study has shown that stiffness of the aorta and the common carotid artery is increased in diabetic women but not in diabetic men. Increased arterial stiffness in diabetic women may be a pathogenic factor which could help to explain the gender-related differences in the risk for cardiovascular and cerebrovascular complications in diabetic subjects. [Diabetologia (1995[Diabetologia ( ) 38: 1082[Diabetologia ( -1089 Key words Ultrasonic echo-tracking, insulin-dependent diabetes mellitus, arterial stiffness, gender-difference, arterial compliance.
The high frequency of macrovascular disease among diabetic patients is well-known, and it has been wellestablished that patients with diabetes mellitus have a greater morbidity and mortality from cardiovascular and cerebrovascular disease than do non-diabetic subjects. In addition, diabetes has been shown to be a stronger risk factor for coronary heart disease in women than in men [1] [2] [3] [4] and diabetic women have consistently been observed to have a worse prognosis than diabetic men after myocardial infarction, both in studies of the acute course of infarction [5] [6] [7] and in long-term epidemiologic studies [2, 3, [7] [8] [9] . As for cardiovascular events the risk for cerebrovascular complications is increased more in diabetic women than in diabetic men; the relative risk for stroke is increased in diabetic women compared with diabetic men [10] . In addition, insulin-dependent diabetic women may be particularly vulnerable; death due to myocardial infarction is most common in insulintreated diabetic women [8, 11] .
The reason for the particularly increased cardiovascular and cerebrovascular morbidity and mortality in diabetic women has not been established. In the search for possible explanations, interest has been focused on early pathologic and pathophysiolo- All data, except frequencies presented as mean + SD gic changes in the vasculature. In diabetic patients increased pulse wave velocity [12] [13] [14] post-mortem findings [15] and investigations using ultrasound techniques [16] suggest increased arterial stiffness. In these studies, the putative differences between genders have not been analysed. The aim of the present study was therefore to evaluate the mechanical properties of the abdominal aorta and the common carotid artery in patients with insulin-dependent diabetes mellitus (IDDM) and to clarify whether there are gender-related differences in changes of arterial compliance.
Patients and methods
Thirty women (mean age 34 years, range 20-61) and 26 men (mean age 38 years, range 22-56) with IDDM were investigated. All subjects are followed-up regularly at the Diabetic Clinic at Malm6 University Hospital, Sweden, and participate in prospective studies of IDDM [17, 18] . The mean duration of diabetes was 19 years for both women and men (women: range 9-36 years, men: 9-38 years). None of the patients had a history of acute myocardial infarction or cerebrovascular events or of intermittent claudication. Moreover, none of the patients had angina pectoris or were being treated for coronary artery disease. Clinical details of the patients are given in Table 1 ; there were no significant differences in clinical features between women and men. One woman and four men showed clinical nephropathy (Table 1) ; two women were treated for hypertension with furosemide and metoprolol, respectively. Smoking was reported in 12 women and 8 men. All patients gave informed consent according to the Helsinki declaration. To obtain age and gender-matched reference values for abdominal aortic stiffness, a control group of 145healthy subjects (69women: age range 474years; 76men: age range 4-74 years), was used [19, 20] . Of these, 43 men and 39 women were in the age range 20-63 years, i. e. in the age range of the diabetic patients. The reference material for the common carotid artery consisted of 120 healthy subjects (65 women: age range 9-77 years; 55 men: age range 11-77 years) [21] . Of these 23 men and 31 women were in the age range 20-63 years, i.e. in the age range of the diabetic patients. None of the control subjects reported previous cardiopulmonary disease, diabetes or smoking and all were free from current medication. The control subjects were examined by the same staff as the diabetic patients, and the studies of normal subjects and patients were overlapping in time. All measurements were performed with the staff blinded to the clinical data.
Ultrasonic measurements of vascular distensibility. Vessel diameter and pulsatite diameter changes were measured by means of echo-tracking sonography [22, 23] . We used a recently-developed ultrasound echo-tracking system (Diamove, Teltec AB, Lund, Sweden) capable of detecting vessel wall movements of less than 10 ~m [24, 25] . With this equipment pulsatile vessel diameter changes can be measured and in combination with blood pressure measurements, form the basis for calculation of vessel wall stiffness (inversely related to vascular compliance, Kawasaki et al. [26] ). This technique has recently been used to evaluate stiffness in the abdominal aorta and the common carotid artery in healthy men and women of different ages [19] [20] [21] . Details.of the study technique have been described previously [27, 28] . The instrument consists of an electronic echo-tracking instrument (Diamove; Lindstr6m et al. [24] ) interfaced with a real-time ultrasound scanner (EUB 240; Hitatchi, Tokyo, Japan) and fitted with a 3.5 and 5 MHz linear array transducer [24] . In short, two electronic markers automatically lock to the luminal interface of the echoes from the anterior and posterior vessel wall and follow the pulsatile movements of the vessel wall. The markers are shown in the real-time picture to indicate the level at which the registration is performed. In this system the smallest detectable movement is 8 ~tm [25] and the time resolution is about 1.2 ms. A personal computer type 386 (Express, Tokyo, Japan) and a 12-bit analogue to digital converter (Analogue Devices, Norwood, Ma., USA) were used for simultaneous monitoring of the electrocardiogram, arterial blood pressure, and vessel diameter.
All measurements were performed with the subject in the supine position after at least 15 min rest. Differences in indirect blood pressure between the left and right arm were excluded before the investigation. From the real time picture the vessel was insonated in a longitudinal section, the echoes from the vessel walls were optimized and the pulsatile diameter changes were then recorded. Measurements of the right common carotid artery were performed approximately 2-cm proximal to the bifurcation, and the recording of the abdominal aorta was conducted distal to the renal arteries, approximately 3.5-cm proximal to the bifurcation. From each registration a sequence of at least five representative consecutive diameter cycles was manually chosen and the vessel diameters and the diameter changes calculated as means of the selected diameter cycles. Indirect blood pressure measurements were performed immediately after measurements of the pulsatile vessel diameter with a sphygmomanometer and a standard cuff on the left arm. The distensibility of the arterial walls was expressed as stiffness (,8) [26] .
In this equation Psyst and Pdiast are the maximal systolic and end-diastolic blood pressure levels (mmHg). Usyst and Ddias t are the corresponding vessel diameters (mm).
Each subject was examined three times at each location with calculation of stiffness from the corresponding diameter, pulsatile diameter change, and blood pressures obtained by the auscultatory method. The average of the values for each subject were calculated. Mean arterial blood pressure (MAP) was taken as the diastolic pressure plus one third of the pulse pressure. Using this technique the variabilities for repeated measurements of the pulsatile diameter change are 10-15 % and for stiffness 15-20 % for the vessels investigated [28] . As both age and gender influence diameter and stiffness [20, 21] , women and men were studied separately. Since the aortic diameter is also related to body surface area [29] the aortic diameters were corrected for the body surface area according to Du Bois and Berlington [30] .
Duplex scanning of the carotid artery. To evaluate the possible presence of atherosclerotic plaques, a duplex ultrasound examination of the carotid vessels was performed using an Acuson 128 XP/10 colour doppler (Mountain View, Ca, USA) with a 7.5 MHz linear array transducer for the real-time B-mode imaging and a 4.5 MHz pulsed doppler. The axial resolution of this system was 0.3 mm. If plaques were found, the maximum peak velocity in the internal carotid artery was used to assess the severity of the stenosis. 
Statistical analysis
Analyses of non-linear regression with 95 % confidence intervals for individual and mean prediction were used to define the normal ranges for stiffness and MAP in the control subjects according to age and gender. Analysis of covariance was then used to compare stiffness, MAP and the mean vessel diameters in diabetic women and men with control subjects in corresponding age ranges as stated in patients and methods. Analysis of residuals was employed to test that the assumptions for the models were satisfied. The results were also expressed as a percentage of individually predicted values. Differences in arterial stiffness between smoking and non-smoking patients (using the percent of predicted values) and differences in clinical characteristics (HbAlc, blood pressure) were statistically tested with a non-parametric test (Mann-Whitney U-test). p < 0.05 was taken as significant. Data are presented as the mean value + SD, unless otherwise stated.
Results
Mean arterial blood pressures in the diabetic patients ( Stiffness of the aorta. Diabetic women showed significantly higher aortic stiffness (Fig. la) than control women (p = 0.0001), whereas diabetic men did not show any significant difference in aortic stiffness (Fig: lb) compared with control men (p = 0.69). The distal abdominal aortic diameter was significantly decreased in both diabetic men and diabetic women compared with the corresponding control subjects whether corrected for body surface area or not (women p = 0.0001 and p = 0.0021, respectively, and men p = 0.0013 and p = 0.0007, respectively), although the differences between diabetic and control subjects were small (Fig.2, Table 1 ). When the diabetic women were compared with the diabetic men (age-corrected) no significant difference in stiffness was observed (p = 0.64).
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Stiffness of the common carotid artery. In agreement with the findings in the abdominal aorta, diabetic women showed significantly increased stiffness in the common carotid artery compared with the control women (p = 0.0076), whereas diabetic men did not show any significant difference in stiffness (p = 0.39) compared with control men (Fig. 3 a, 3 b) .
In contrast to the findings in the abdominal aorta, however, no significant differences in the common carotid artery's internal diameter were noted for either diabetic women or diabetic men, compared with the control subjects.
Duplex scanning of the carotid arteries. Almost all patients had a normal appearance of the carotid arteries. One man (48 years old, 20 years' duration of diabetes) had a 45 % stenosis in the left internal carotid artery close to the bifurcation and one woman (44 years old, 20 years duration) showed a soft plaque resulting in a 45 % stenosis of the right internal carotid artery close to the bifurcation. In addition, three of the oldest women (> 44 years old) and three of the oldest men showed discrete, small plaques with normal flow velocities.
Arterial stiffness and clinical features. No obvious sig-
nificant correlations between aortic stiffness and the duration of diabetes or the presence of retinopathy were detected. The HbAlc levels in diabetic women did not differ significantly from those of diabetic men (Table 1 ). There were no significant differences in aortic or common carotid artery stiffness between the smoking and the non-smoking patients for either women or men (Fig. 4 a, 4 b) . The women with nephropathy, who also had proliferative retinopathy, showed a high aortic stiffness (257 % predicted). The aortic stiffness values in the three women with proliferative retinopathy were 257, 248 and 167 % predicted (mean 224% predicted) and showed a tendency to be higher than in diabetic women without proliferative retinopathy (mean 157 % predicted). The aortic stiffness values in the five women with microalbuminuria were 96, 167, 206, 248 and 213 % predicted (mean 186 % predicted). The aortic stiffness values in the four men with nephropathy were 97, 151, 156 and 159 % predicted (mean 141% predicted). The aortic stiffness values for the four men with proliferative retinopathy were 129, 96, 130 and 156 % predicted (mean 128 % predicted). The aortic stiffness values in the three men with microalbuminuria did not differ from those without microalbuminuria (80, 117 and 100 % predicted, mean 100 % predicted). No correlations between the common carotid stiffness and duration, retinopathy, nephropathy or microalbuminuria could be detected. 
Discussion
This study has shown the stiffness of the aorta and the common carotid artery to be increased in diabetic women but not in diabetic men. The difference between genders found in non-diabetic, middle-aged subjects [20] [21] was thereby absent in patients with IDDM.
Calculation of the mechanical properties of arteries are based on the pressure/diameter relationship which is non-linear with a more distensible wall at smaller than at larger distensions [31] and any measurement of arterial distensibility must be considered in relation to the blood pressure. In this study MAP did not differ between the diabetic women and the control women nor between the diabetic men and the control men. Moreover, when distensibility is expressed as stiffness (t3), the dependence on pressure in the physiological range is largely abolished [19, 26, 27] . In our calculation of stiffness (/3), indirectly measured Mood pressure in the brachial artery is assumed to be equal to the blood pressure in the abdominal aorta and common carotid artery. It is, however, well-known that the arterial pressure-waves undergo transformation in the arterial tree, and therefore, the pulse pressure in:the brachial artery is higher than in more central vessels.
Comparison between intra-arterial pressure in the aorta and brachial pressure obtained by the auscultatory method has shown that pulse pressure is slightly There was no effect of smoking less by the auscultatory method leading to a slight systematic underestimation of arterial stiffness when compared to values calculated from intra-aortic pressures [32, 33] . No significant age or gender-related differences are seen thus allowing comparisons between individuals and groups [33] . Available data indicate that in healthy individuals both elastin and collagen contribute to wall mechanics [31] ; elastin is preferentially load-bearing at small distensions [34, 35] , while collagen is load-bearing at large distensions [36, 37] and genetic defects in elastin (Marfan's syndrome) as well as in collagen (abdominal aortic aneurysms) have been shown to lead to changes in the distensibility of the aorta [38, 39] .
In addition to vessel wall structure, wall thickness is an important determinant for the stiffness and an increased wall thickness in the femoral artery in diabetic subjects as compared to control subjects has been demonstrated [40] . The decreased inner diameter of the aorta in our study could imply that wall thickness is increased in the aorta as well. We found no such difference in diameter of the common carotid artery. However, the findings of decreased aortic diameter were similar for both diabetic women and diabetic men, thus they do not offer a basis of the gender difference.
Another factor that could be of importance for the difference in distensibility between the diabetic and 1087 non-diabetic subjects is smoking, since some of the diabetic patients investigated were smokers, whereas all control subjects were non-smokers. However, there was no significant difference in stiffness between smoking and non-smoking patients (Fig. 4a, 4b) , and the difference in arterial stiffness between diabetic women and control subjects remains statistically significant if non-smokers alone are analysed. Thus, our findings cannot be explained by differences in smoking habits.
The duration of disease as well as the frequency of complications was similar in diabetic men and women, indicating that the gender difference in arterial stiffness is not explained by the stage of the disease process.
Atherosclerosis may be another factor involved in the stiffening of the arterial walls. The great majority of the patients investigated had normal appearance of their carotids and were without visible plaques at the site of measurements in the abdominal aorta. A recent study has reported intima-media thickenings in the carotid artery in young patients with diabetes [41] . The finding was interpreted to represent atherosclerotic lesions. Data concerning gender differences are, however, lacking.
Several previous in vitro and non-invasive in vivo studies with other techniques have shown decreased arterial distensibility in large vessels in diabetic patients [12] [13] [14] [15] [16] . In these previous studies, the potential difference between genders in changes of arterial compliance was not analysed and some of these previous studies did not take the normal age and gender variations of compliance into account. One of these studies also included both insulin-dependent and non-insulin-dependent diabetic patients [14] .
In contrast, Lehmann et al. [42] , using pulse wave velocity, found increased aortic compliance (more distensible aortas) in IDDM patients compared to age-and gender-corrected control subjects. This may seem contradictory to our observations. The patients with IDDM investigated by Lehmann et al., however, were young (< 13 years) with short diabetes duration (< i year), whereas our patients were older (range 20-61 years) with long duration of IDDM (range %38 years). Accordingly, there may be a gradual decrease in arterial compliance with increasing diabetes duration although this could not be shown in our study, probably due to the fairly long diabetes duration in all our patients.
We have no obvious explanation for our finding of a gender-related difference in changes of arterial stiffness in diabetic patients. There is, however, epidemiologic evidence supporting differences in the development of vascular disease between men and women with diabetes. Diabetes is a stronger risk factor for coronary heart disease in women than in men [1] [2] [3] [4] and women have been shown to have a worse prognosis after myocardial infarction than that of dia-betic men [2-3, 5-9, 11 ] with reports of a higher incidence of congestive heart failure, re-infarction and death. Moreover, diabetes seems to be a stronger risk factor for stroke in women than in men [10] .
The function of the aorta is an important determinant of the performance of the left ventricle. It has been speculated that reduction of left ventricular and arterial compliance may contribute to the abnormal susceptibility of diabetic patients to congestive heart failure, particularly during the acute stages of myocardial infarction [7] . Our finding of increased arterial stiffness in diabetic women may therefore contribute to the understanding of the particularly poor prognosis in diabetic women after myocardial infarction.
Non-enzymatic glycation of proteins occurs in diabetes and advanced glycation end products (AGEproducts) can accumulate in long-lived proteins such as vascular collagen and form cross-links with other matrix proteins and plasma proteins [43] . Recent studies, using pulse wave velocity, have shown a correlation between AGE-products and vascular compliance [14, 44] . Although no apparent correlation between HbAlc and arterial stiffness was found in our study, excessive accumulation of AGE-products on matrix proteins in vessel walls may contribute to increased stiffness of the arteries in diabetes. To the best of our knowledge, no data about gender differences in accumulation of AGE-products are available. An increase in hyaluronic acid in the tunica media of the aorta, as recently reported in patients with IDDM [45] , as well as accumulation of fibronectin [46] and type IV collagen [47] could also be relevant to our findings.
In conclusion, this study has shown the stiffness of the aorta and the common carotid artery to be increased in women with IDDM but not in men with IDDM. Thus, long-standing diabetes seems to abolish the normal sex difference in aortic distensibility between men and women. These findings may contribute to explaining the frequent congestive heart failure and preclinical echocardiographic abnormalities of left ventricular function in diabetic women.
